Abstract. Satellite-derived (Geosat altimetry) sea surface height anomalies for the period November 1986 to September 1989 were investigated in order to extract the dominant modes of climate variability in the tropical Pacific. We applied the technique of principal oscillation patterns and computed associated wind stress patterns for each mode. Four modes were identified. The first mode has a time scale of about 3 months and can be identified with the first baroclinic equatorial Kelvin wave mode, which is excited by intraseasonal wind variations over the western equatorial Pacific. The second mode has a time scale of about 6 months and describes the semiannual cycle in the tropical Pacific sea level. Equatorial wave dynamics appears to be crucial for this mode also. The third mode is the annual cycle which shows evidence of off-equatorial Rossby wave propagation. The fourth mode is associated with the E1 Nifio/Southern Oscillation (ENSO) phenomenon. The ENSO mode is found to be consistent with the "delayed action oscillator" scenario.
Introduction
The verification and further development of ocean general circulation models depend critically on the availability of adequate forcing and verification data. Also, the application of coupled ocean-atmosphere models to short-range climate predictions requires a good database for properly specifying the initial state of the coupled system. At present, however, there is a significant lack of data, especially over the oceans. Thus satellite-derived data might become more and more important in climate research because the use of satellites is one possible means of obtaining climate data in near-real time in adequate temporal and spatial resolution.
The only satellite-derived oceanic quantity hitherto used routinely to analyze the oceanic state is sea surface temper Here R is the correlation, /5 is the RMS error, at is the standard deviation of the tide gauge data, and as/at is the ratio of the standard deviations of the Geosat and the tide gauge data. The grand average of all correlations amounts to 0.59. , were produced using an improved representation of the satellite orbit and applying more realistic water vapor corrections based on satellite measurements. The satellite orbit was determined using the Goddard Earth Model-T2. The estimation of the water vapor correction is based on measurements with the special sensor microwave imager (SSMI) and the TIROS N operational vertical The altimeter data profiles were taken over the area 50øS to 40øN and 80øE to 50øW, which is considerably larger than the region of interest and even includes part of the Indian Ocean. The choice of this relatively large domain is important to avoid a damping of oceanic signals with long wavelengths. We used linear functions to fit the satellite radial orbital error. The altimeter along-track sea level deviations were generated using the conventional collinear analysis method [ 
Pseudo Wind Stress Data
In order to derive the characteristic wind stress patterns which force the sea level variations, associated regression patterns were computed for the surface pseudo wind stress '/'ps ('/'ps = ß Instantaneous 1000 hPa winds • obtained from the analysis of the ECMWF were used to calculate the pseudo stresses. Pseudo stress fields were averaged in space and time in the same way as the altimeter sea level fields, as described above. Similarly, pseudo stress anomalies were computed as deviations from the January 1987-December 1988 mean.
POP Analysis
Our statistical investigation of the modes of climate variability in the tropical Pacific is based on the method of principal oscillation patterns (POP), which is designed to extract the dominant modes of variability from a multidimensional data set [Hasselmann, 1988;  
The period to complete a full cycle will be referred to as the "rotation period" and the e-folding time for exponential decay as the "damping time." Both timescales are estimated as part of the POP analysis. As described by Hasselmann [1988] , the POP technique, as opposed to CEOFs, has the advantage of providing information about the frequency structure of the cross spectrum by identifying the spectral peaks (inverse rotation periods) and peak widths (inverse damping times) associated with different patterns. In order to investigate the spatial characteristics of the wind stress fields which force the sea level variability, associated regression patterns were calculated by simply regressing the components of the pseudo stress vector on the POP coefficient time series.
Prior to the POP analyses, time filtering was applied. Two POP analyses were performed. First, in order to derive variability modes with timescales less than the annual cycle, the Geosat data were band-pass filtered (retaining variability with periods of 1-10 months), and the POP analysis was restricted to the first 2 years and the region 10øN to 10øS only. Second, a low-pass filter (retaining variability with timescales longer than 3 months) was applied to derive the annual cycle and low-frequency modes from the Geosat data, and the POP analysis was applied to the complete time period and the region 20øN to 20øS.
Comparison With Tide Gauge Data
We used the tide gauge sea levels described by to verify the satellite-derived sea levels. These data were used by Latif and Flagel [1991] in a statistical investigation of the low-frequency variability in the tropical Pacific. The altimetric sea levels were interpolated objectively onto the tide gauge locations in order to compare the two data sets. Overall, the altimetric sea levels are highly correlated with the tide gauge data in the region 20øN to 20øS. Correlation coefficients are on the order of 0.8, while the RMS error does not exceed a few centimeters. Table 1 gives a summary of the verification results. Poleward of 20 ø in both hemispheres the results are unsatisfying. Our main focus in this paper, however, is the equatorial region. We therefore restrict ourselves here to the region 20øN to 20øS, where the altimetric sea levels are in excellent agreement with the tide gauge data.
Variability Modes
We summarize the results of the POP analyses of the Geosat sea levels in Table 2 We display longitude-time sections of sea level, associated wind stress, and wind stress curl reconstructed_. from the annual cycle POP mode in Figure 12 . The annual sea level variability off the equator is dominated by Rossby wave propagation. At both latitudes displayed (6øN and 6øS) pronounced westward propagation is observed (Figures 12b  and 12d ), in accordance with the study of Delcroix et al. [1991] . The estimated phase speeds of about 0.5 rn/s are consistent with Rossby wave propagation at these latitudes and are comparable to those given by Kessler [1990] , who investigated off-equatorial Rossby wave propagation using the depth of the 20øC-isotherm data. The Rossby waves are predominantly excited by changes in the wind stress curl in the eastern Pacific at 6øN (Figure 12c) , while those at 6øS are excited by wind stress curl changes in the central Pacific (Figure 12e) . We note an abrupt phase shift in sea level at 6øN near 160øE (Figure 12b) . As discussed by Delcroix et al. [1991] , the data coverage is poor in this region so that this feature is not very reliable. At the equator, annual sea level variability is generally weak (Figure 12a) . No evidence is found in the Geosat data for annual western boundary Rossby wave reflection, in contrast to the study by White et al. [1990] . The longitude-time section of the sea level at the equator, reconstructed from the annual cycle POP mode, even shows some evidence for westward propagation. This study has shown that satellite-derived sea level data contain a large amount of useful information, which can be used to continuously monitor the ocean. Furthermore, the satellite data are highly consistent with the output of an oceanic general circulation model, as discussed by Chao et al. [1993] , so that the benefit of the satellite measurements can be maximized by assimilating them into ocean circulation models. In the next stage, the analyzed ocean fields can be used as initial conditions for short-range climate predictions. This work is now underway and will be described in a forthcoming paper.
